Reversible phosphorylation of proteins is a key event in many fundamental cellular processes. Under stressful conditions, many thylakoid membrane proteins in photosynthetic apparatus of higher plants undergo rapid phosphorylation and dephosphorylation in response to environmental changes. CP29 is the most frequently phosphorylated protein among three minor antennae complexes in higher plants. CP29 phosphorylation in dicotyledons has been known for several decades and is well characterized. However, CP29 phosphorylation in monocotyledons is less studied and appears to have a different phosphorylation pattern. In this review, we discuss recent advancements in CP29 phosphorylation and dephosphorylation studies and its physiological significance under environmental stresses in higher plants, especially in the monocotyledonous crops. Physiologically, the phosphorylation of CP29 is likely to be a prerequisite for state transitions and the disassembly of photosystem II supercomplexes, but not involved in non-photochemical quenching (NPQ). CP29 is phosphorylated in monocots exposed to environmental cues, with its subsequent lateral migration from grana stacks to stroma lamellae. However, neither CP29 phosphorylation nor its lateral migration occurs in dicotyledonous plants after drought, cold, or salt stress. Since the molecular mechanisms of differential CP29 phosphorylation under stresses are not fully understood, this review provides insights for future studies regarding the physiological function of CP29 reversible phosphorylation.
Introduction
Reversible protein phosphorylation plays a pivotal role in influencing the biological functions and activities during the entire cell life, and serves as a major regulatory principle for signal transduction in response to biotic and abiotic stresses in eukaryotes (Felix et al., 1991; Graves and Krebs, 1999; Cohen, 2000 Cohen, , 2002 . Phosphorylation is one of the most ubiquitous types of post-translational modifications of proteins. Phosphorylation and dephosphorylation are catalysed by a variety of protein kinases (PKs) and phosphatases (PPs), modulating a wide range of biological processes in dynamic manners, such as the stability and subcellular localization of target proteins, and protein-protein interactions (Stone and Walker, 1995; Schliebner et al., 2008) . In eukaryotic cells, it is estimated that ~30% of the proteome is subjected to reversible phosphorylation (Olsen et al., 2006) .
Photosynthesis is one of the most fundamental processes sustaining all forms of life on earth. Photosystem II (PSII) is a large multisubunit pigment-protein complex responsible for water-plastoquinone oxidoreduction during the photosynthetic process in the thylakoid membrane of algae, cyanobacteria, and plants. PSII mainly contains reaction centres (RCs), the chlorophyll a/b light-harvesting antenna complex (LHCII), and the oxygen-envolving complex (OEC) (Caffarri et al., 2009) . In green plants, the antennae surrounding PSII are composed of major trimeric and minor monomeric lightharvesting complexes (LHCs) (Dekker and Boekema, 2005) . Three major trimeric antenna complexes of higher plant photosynthesis are different heterotrimers of LHCB1, LHCB2, and LHCB3 gene products, and three minor monomeric components (CP29, CP26, and CP24) are encoded by LHCB4, LHCB5, and LHCB6 genes (Jansson, 1999; Ganeteg et al., 2004) .
In the thylakoid membranes of plant cells, a large number of proteins are phosphorylated and dephosphorylated in response to biotic and abiotic stresses, including light condition, temperature, and pathogen invasion (Aro and Ohad, 2003; Rochaix, 2007; Vener, 2007; Liu et al., 2009) . The main phosphoproteins in thylakoid photosynthetic membranes have been well documented, such as D1, D2, CP43, TSP9, PsbH subunits, TMP14 (a tentative PSI subunit P, thylakoid membrane phosphoprotein of 14 kDa), PsaD, and the calcium-sensing receptor (CaS) protein, as well as a few polypeptides belonging to LHCII (Hansson and Vener, 2003; Bellafiore et al., 2005; Vainonen et al., 2005 Vainonen et al., , 2008 Fristedt et al., 2009a) . Reversible phosphorylation of these thylakoid proteins is involved in the light and redox regulation in chloroplasts or thylakoids isolated from different eukaryotes. More recent works have revealed significant and differential environment-dependent changes in the phosphorylation of photosynthetic membrane proteins, under stressful conditions, demonstrating that their reversible phosphorylation plays an important role in the signalling networks underlying short-/long-term acclimation processes to changing environmental conditions (Rokka et al., 2000; Vener et al., 2001; Tikkanen et al., 2008) .
CP29 (Lhcb4) is one of the three minor chlorophyll a/bbinding proteins associated with PSII in plants and algae. CP29 belongs to the family of nuclear-encoded light-harvesting proteins that contain three membrane-spanning helices (Jansson, 1999) . In Arabidopsis thaliana, Lhcb4 is encoded by three highly conserved genes, Lhcb4. 1, Lhcb4.2, and Lhcb4.3 . Two genes, Lhcb4.1 and Lhcb4.2, have no significant difference in expression level, whereas Lhcb4.3 is expressed at a lower level and also differs from the first two by lacking a large part of the C-terminal domain (Jansson, 1999) . The third isoform (Lhcb4.3), probably only present in dicots, has been found to be regulated differently and therefore has been denoted as Lhcb8 (Klimmek et al., 2006) . Among three minor antennae proteins, CP29 is usually phosphorylated under stress conditions in higher plants. The in vivo phosphorylation sites of the mature CP29 protein were localized to the threonine or serine residues by using mass spectrometry (Hansson and Vener, 2003) . CP29 is critical to the efficient light harvesting, energy conduction, PSII macro-organization, and photoprotection in higher plants, and its reversible phosphorylation is mainly involved in photoinhibition recovery (Bergantino et al., 1995) and state transitions (Tikkanen et al., 2006) . Our previous studies have demonstrated that phosphorylation of the minor chlorophyll a/b protein CP29 in monocots is different from that in dicotyledonous plants under abiotic stresses Liu et al., 2009) . However, the detailed mechanism is unclear as yet.
In this review, we discuss recent progress in the field of reversible phosphorylation of CP29 in response to environmental stresses in higher plants. We focus on the characteristics and physiological roles of environmentally induced phosphorylation of CP29, and its related events. Importantly, we compare the differences in CP29 phosphorylation between monocots and dicots under changing environmental cues. Based on the most current knowledge, we propose a new model for understanding CP29 phosphorylation in monocots upon environmental stresses.
Phosphorylation of PSII-LHCII proteins
Among the thylakoid membrane proteins of higher plants, the reversible phosphorylation of PSII core proteins D1, D2, and CP43 is mainly under the control of the STN8 kinase and the recently identified chloroplast PP2C phosphatase, PHOTOSYSTEM II CORE PHOSPHATASE (PBCP) (Samol et al., 2012) , and has been proposed to facilitate the migration of damaged PSII from granum membranes to stroma lamellae for repair (Vainonen et al., 2005; Tikkanen et al., 2008; Fristedt et al., 2009b) . However, some research has indicated that STN7 also plays a minor role in PSII core protein phosphorylation (Vainonen et al., 2005) , particularly at low light intensity (Tikkanen et al., 2008 (Tikkanen et al., , 2010 ). In contrast, LHC phosphorylation is dynamically regulated by the STN7 kinase. Major LHCII proteins, Lhcb1 and Lhcb2, are dephosphorylated by a PP2C-type phosphatase called TAP38 (Tikkanen et al., 2010) or PPH1 (Shapiguzov et al., 2010) , and their reversible phosphorylation is likely to be involved in enabling the excitation energy and redox balance between the two photosystems under low light (Bellafiore et al., 2005; Tikkanen et al., 2010) . In addition, STN7 and STN8 are also responsible for phosphorylation of other thylakoid proteins, respectively TSP9 (Fristedt et al., 2009a) , a soluble 9 kDa thylakoid phosphoprotein involved in the regulation of light harvesting, and the calcium-sensing receptor CaS, an integral membrane protein involved in the process of stomatal closure (Vainonen et al., 2008; Weinl et al., 2008) . With the application of biochemical techniques and mass spectrometry (MS), a number of chloroplast phosphoproteins, chloroplast protein kinases, such as the ABC1 kinases (Bayer et al., 2012; Lundquist et al., 2012) , and plastid protein kinase (PPK) (Bayer et al., 2011) have been discovered.
Comparison of reversible phosphorylation of CP29 under environmental stresses between monocots and dicots Since Bennett and colleagues first discovered the lightinduced protein phosphorylation in photosynthetic membranes of plant thylakoids in the mid-1970s (Bennett, 1991) , specific phosphorylation of CP29 has been observed in many higher plants and a green alga under different environmental conditions (Table 1) . Table 1 presents the latest information about CP29 phosphorylation in different higher plants exposed to changing environmental conditions, implying that the phosphorylation patterns of CP29 vary to a certain degree in different plants. Interestingly, these data suggested that the phosphorylation of CP29 as a response to environmental cues is a widespread phenomenon in monocotyledonous plants, but not in dicotyledonous plants. However, it is now clear that CP29 phosphorylation occurs not only in monocots but also in dicots under high light stress (Table 1) . Furthermore, a more recent study based on MS analyses found that phosphorylation of CP29 as well as D2, CP26, Lhcb2, and ATP synthase in C 4 palnts, such as Zea mays (maize), only occurred in mesophyll (M) chloroplasts under high light (Fristedt et al., 2012) . This research further revealed that restriction of LHCII phosphorylation to low light-and high light-induced CP29 phosphorylation was only found in M chloroplasts but not bundle sheath (BS) cells. The thylakoid membranes in M cells are similar to those in C 3 plants, such as Arabidopsis and rice, and contain highly stacked membrane layers called grana, which are connected by non-appresed stroma lamellae membranes. Therefore, the phosphorylation level, as well as the turnover of PSII, may depend on the structure of thylakoids.
In Figs 1 and 2 , we present the known and predicted phosphorylation sites and explain our understanding of different CP29 phosphorylation patterns in two types of plants. The identified phosphorylation site of maize CP29 protein, which was N-terminally blocked against N-terminal chemical sequencing (Bergantino et al., 1995) and probably acetylated as shown later for CP29 (LHCb4.2) from A. thaliana (Hansson and Vener, 2003) , has been localized to Thr112 by peptide mapping analysis (Testi et al., 1996) . In A. thaliana, the known phosphorylation sites in CP29 (LHCb4.2) have been localized to Thr37, Thr109, and Thr111 by MS sequencing. It is worth noting that the phosphorylation site Thr112 of maize CP29, corresponding to the phosphorylated Thr109 in LHCb4.2 from A. thaliana, might be distributed in all higher plants (Fig. 1) . Additionally, it has been demonstrated that there are six phosphorylation sites in CP29 from the green alga Chlamydomonas reinhardtii (Turkina et al., 2006; Vener, 2007) and all these phosphorylated residues are different from those of the higher plants (Fig. 1, Table 1 ), indicating that the regulatory mechanism of CP29 phosphorylation between higher plants and green algae is different. The important difference in the phosphorylation of CP29 among these species lies in the physiological conditions that induce these modifications (Table 1) . Therefore, CP29 protein phosphorylation in thylakoid membranes may be involved in a number of responses to the changing environment.
Besides the experimentally confirmed phosphorylation sites in Arabidopsis and maize, we also predicted putative phosphorylation sites of CP29 protein by NetPhos 2.0 (Blom et al., 1999; Arnold et al., 2006; Kiefer et al., 2009) . Most of the phosphorylated residues of CP29 in monocotyledons may be unique. In addition to the two conserved threonine residues conserved in all plants, monocotyledons have a lot of serine and tyrosine residues for possible phosphorylation (Figs 1, 2). Thus, some other protein kinases, besides STN7/ STN8 kinase, may regulate CP29 phosphorylation . Furthermore, the loose structure of thylakoids might be another reason for the stronger phosphorylation of CP29 in monocotyledons. In monocot thylakoids, grana margins and stroma-exposed regions contain some PSII core proteins (Barbato et al., 2000; Liu et al., 2009) . The protein kinases and phosphatases are distributed in both grana core and stroma-exposed regions . Further experimental evidence supporting the loose structure of thylakoids is that barley thylakoid membranes can be subfractioned by shaking, but not by sonication Liu et al., 2009) . The non-compact thylakoid structure might facilitate the entry of protein kinases and phosphatases into the thylakoid granum region. Therefore, the stress-damaged PSII proteins may be dephosphorylated and degraded in situ in monocotyledonous plants. Furthermore, some experiments have clearly confirmed that PSII proteins could be dephosphorylated extremely quickly as a response to different environmental stresses (Rokka et al., 2000; Vener et al., 2001; Liu et al., 2009) . Dephosphorylation of the D1, D2, and CP43 proteins has been indicated to play an important regulatory role in the repair cycle of PSII in response to light stress, water stress, or abrupt elevation of temperature (Rokka et al., 2000; Tikkanen et al., 2008 Tikkanen et al., , 2010 Fristedt et al., 2009b; Liu et al., 2009) . LHCII dephosphorylation prevents the energy flow from LHCII to PSI, increases the antenna size of PSII, and decreases the antenna size of PSI (Tikkanen et al., 2010) . Our study using barley seedlings found that lateral migration from grana stacks to stroma lamellae is only observed for CP29, but the other PSII proteins do not migrate and are degraded directly in situ during the stress . This phenomenon in monocots (such as barley) is inconsistent with the classical model of the PSII repair cycle in dicots. In the classical model, PSII polypetides are in a phosphorylated state in the grana lamellae and migrate as a whole unit to the stroma lamellae for repair. Subsequently, phosphorylated PSII proteins are dephosphorylated in the stroma-exposed thylakoids. As a result of this modification, PSII core proteins migrate back to the granum region (Rintamaki et al., 1995; Gonzalez et al., 1999) .
Methods used to analyse protein phosphorylation in thylakoid membranes
The dynamics of thylakoid protein phosphorylation have been studied by several different analytical techniques, a number of which did not unambiguously prove phosphorylation of the exact protein, as reviewed in Vener (2006) . At present, (Blom et al., 1999; Arnold et al., 2006; Kiefer et al., 2009) . Gaps were introduced to obtain maximum similarity. Three phosphorylation sites for which there is experimental evidence in Arabidopsis CP29 are represented with red boxes. Six phosphorylation sites for which there is experimental evidence in Chlamydomonas CP29 are represented with blue boxes. Asterisks indicate phosphorylation sites conserved in monocots but not in Arabidopsis; putative phosphorylated residues exclusive to monocots, predicted by the program NetPhos 2.0 (http://www.cbs.dtu.dk/services/NetPhos/), are shown by purple boxes. the most widely used methodologies for detection and identification of in vivo protein phosphorylation in thylakoid membranes include immunodetection with protein-specific antibody, immunoblotting with phosphothreonine antibody, fluorescence staining with ProQ ® Diamond phosphoprotein stain, radioactive labelling, and MS-based approaches (Vener, 2006; Vainonen et al., 2009 ). These approaches provided valuable information about the status of thylakoid protein phosphorylation from different species. However, each of them has its own advantages and disadvantages that should be taken into account when assessing in vivo protein phosphorylation in photosynthetic membranes.
Immunodetection with protein-specific antibody has allowed studies of changes in protein phosphorylation status under different conditions, because of the retarded mobility of the protein phosphorylation in the gel. This method has been mostly used in the studies of D1 protein phosphorylation (Rintamaki et al., 1997) . Immunodetection requires well-characterized proteins and specific antibodies that can cross-react exclusively with either phosphorylated or dephosphorylated forms of the protein. Phosphothreonine antibodies allow the detection of the endogenous level of protein phosphorylation in thylakoid membranes that are exposed to specific environmental conditions, which are superior labelling experiments. However, the main caveat is that the linearity of the immunoreactivity should be monitored in each case (Rintamaki et al., 1997) and limited rather to the detection of only four or five major thylakoid phosphoproteins (Aro et al., 2004; Stael et al., 2012) . ProQ Diamond stain allows direct, in-gel detection of phosphorylation by using a very simple protocol. However, careful attention should be paid to the fact that the sensitivity of staining correlates with the number of phosphorylated residues present in the protein (Stael et al., 2012) . Compared with other methods, radioactive labelling, the most sensitive and common technique for directly measuring protein phosphorylation, provides a (Caffarri et al., 2009 ). The protein surface was constructed with the Swiss-PdbViewer v4.0.1 software (Blom et al., 1999; Turkina et al., 2006) . Protein cytoskeleton, azure; chlorophylls a and b, green; neoxanthin, yellow (spheres); lutein, orange. Chlorophyll 611 and 612 of all subunits are represented as green spheres. Chlorophylls 511 (in CP47), 479, and 486 (in CP43) of the core, which are the nearest-neighbour to the outer antenna, are represented as green spheres. Chlorophyll 603 of CP29 is also represented as a green sphere. For clarity, the phytol chains of the chlorophylls are omitted. Conserved phosphorylated sites of CP29 in monocots and dicots are represented as red dots with T. Putative phosphorylated sites, which are predictd by the program NetPhos 2.0, are depicted as purple dots. Purple asterisk indicates unique phosphorylated residues in monocots.
dependable avenue to localize the labelled phosphoamino acids (Michel and Bennett, 1987) . The limitations of the radioactive labelling method are that it requires many multihour incubations and the use of radioisotopes, resulting in large pools of endogenous phosphate. Among these methods, MS has been the most efficient method for mapping of the phosphorylation sites in thylakoid proteins. Although MS can be used with excellent sensitivity and resolution to identify a single protein, there are several difficulties in the analysis of phosphoproteins. First, due to their negative charge and poor inonization by electrospray MS, phosphopeptides usually give a very low signal in MS analysis. Secondly, the peptides might be difficult to observe in the mass spectrum because the peptide fragments are too small or too large. Finally, the high background from the non-phosphrylated proteins could also shield the signals from low-abundance phosphoproteins, making them difficult to observe (Mann et al., 2002) . Efficient methods for enrichment of phosphopeptides prior to MS analysis will increase the sensitivity and efficiency of characterization (Thingholm et al., 2009) . Among the various phosphoproteomic enrichment strategies before MS analyses, immobilized metal affinity chromatography (IMAC) and TiO 2 chromatography can be done quantitatively with very good resolutions and sensitivities, and have been applied for CP29 phosphorylation studies (Hansson and Vener, 2003; Turkina et al., 2006; Fristedt et al., 2012) . With continuous improvement in the sensitivity of the MS-based technologies, it should be possible to perform a good analysis of CP29 protein phosphorylation sites and patterns in the near future, especially in monocotyledonous plants exposed to environmental cues.
Phosphorylation of CP29 protein and protein kinases (PKs)/phosphatases (PPs)
In higher plants, the phosphorylation of Lhcb4 is the most common of that of the three minor chlorophyll-binding proteins under different environmental conditions. CP29 phosphorylation is activated by strong reduction of the plastoquinone pool and further enhanced via some unknown mechanism under low temperatures in vivo. In vitro studies demonstrated that CP29 phosphorylation is independent of the redox state of both the cytochrome b 6 /f complex and the thiol compounds, and calcium may play a role in the regulation of CP29 phosphorylation (Pursiheimo et al., 2003) . Our investigations also indicated that rapid CP29 phosphorylation under slight water or NaCl stress was not related to the redox state of the plastoquinone pool, suggesting that there are some other regulatory mechanisms besides the plastoquinone pool Liu et al., 2009) .
In recent years, two major protein kinases (STN7 and STN8) and phosphatases (TAP38, PPH1, and PBCP) involved in thylakoid protein phosphorylation and dephosphorylation events have been identified in Arabidopsis by biochemical approaches and MS technologies (Bellafiore et al., 2005; Vainonen et al., 2005; Tikkanen et al., 2006; Pribil et al., 2010; Shapiguzov et al., 2010; Samol et al., 2012) . The phosphorylation of the minor light-harvesting protein CP29 is mediated through the thylakoid-associated Ser-Thr kinase STN7 (Bellafiore et al., 2005) . Although dephosphorylation of LHCII was shown to be dependent on the presence of divalent cations and to be insensitive to microcystin and okadaic acid (Sun et al., 1989; Hammer et al., 1995) , TAP38/ PPH1 was disclosed to be required for LHCII dephosphorylation in A. thaliana (Pribil et al., 2010; Shapiguzov et al., 2010) . Whether CP29 dephosphorylation is under delicate control by TAP38/PPH1 is still unknown.
In Arabidopsis, a model organism of dicotyledons, there are three isoforms of the minor antenna protein CP29: Lhcb4.1, Lhcb4.2, and Lhcb4.3. Among them, Lhcb4.1 and Lhcb4.2 are the major expressed variants (Zybailov et al., 2008) . Previous research based on MS analysis has indicated that only the N-terminal phosphorylation of Lhcb4.2 at Thr6 is STN7 dependent (Tikkanen et al., 2006) . A more recent publication found that, under illumination, the phosphorylation of the four amino acid residues in two isoforms of CP29, Lhcb4.1 (phosphorylation at Thr72 or Thr74) and Lhcb4.2 (phosphorylation at Thr78 or Thr80) is also STN7 dependent (Fristedt and Vener, 2011) . To date, the roles of STN7 and STN8 in monocots are barely understood. STN8 in rice is required for PSII core phosphorylation but not for LHCII phosphorylation. However, the stunted growth phenotype and the degradation of damaged D1 protein in the rice stn8 mutant have also been observed (Nath et al., 2008) . Nevertheless, the role of STN7 in monocots has not yet been analysed because of the lack of suitable monocotyledonous stn7 mutants.
The physiological significance of CP29 reversible phosphorylation under changing environmental cues Although CP29 is the best characterized among the three minor light-harvesting proteins, the detailed physiological role of reversible phosphorylation of CP29 is still unclear due to the lack of information on its regulation regarding thylakoid functions. The reversible phosphorylation of CP29 or its isoforms is mainly involved in state transition, changing of PSII supercomplexes, and providing protection against photoinhibition upon different environmental stresses, especially high light stress (Tikkanen et al., 2006; Vener, 2007; De Bianchi et al., 2011; Fristedt and Vener, 2011; Galetskiy et al., 2011; Tikkanen and Aro, 2012) .
State transition and CP29 phosphorylation
State transitions are a short-term acclimation process to balance the relative excitations of the two photosystems by reversible LHCII phosphorylation controlled by STN7 and PPH1/TAP38 under varied light quality in higher plants, and have been studied in several photosynthetic organisms including algae, land plants, and cyanobacteria. Recently, the importance of state transitions was reinvestigated using a genetic approach (Pesaresi et al., 2009) . The crucial role of CP29 in state transitions in higher plants has also been investigated (De Bianchi et al., 2008; Chen et al., 2009; Zienkiewicz et al., 2012) . A previous study suggested that LHCB4.2 phosphorylation might be important for the mechanism of state transitions in Arabidopsis (Tikkanen et al., 2006) , as also reported for Chlamydomonas (Tokutsu et al., 2009) . In the green alga Chlamydomonas reinhardtii, additional phosphorylation of the CP29 protein is quite clear and is an integral part of state transitions, whereas another minor monomeric LHCII, CP26, is not (Tokutsu et al., 2009 ). In the state transition process, reversible phosphorylation of CP29 may determine the affinity of LHCII for either of the two photosystems and facilitate antenna rearrangements between PSII and PSI under moderate light conditions (Kargul et al., 2005) . Although TSP9 may have a role in plants similar to that of CP29 in green algae in the dynamic distribution of LHCII from PSII to PSI (Fristedt et al., 2009a) , it seems to be plausible that STN7-dependent phosphorylation of CP29 or two LHCB4 isoforms might also play similar roles in underlying state transitions in flowering plants.
Previous studies have demonstrated that state transitions and migration of mobile LHCII from PSII to PSI are blocked in stn7 mutants compared with the wild-type plants, and LHCII protein phosphorylation is a prerequisite for state transitions with different qualities of light (Bellafiore et al., 2005; Tikkanen et al., 2006) . In plants, the relationship between reversible LHCII phosphorylation and state transitions was mainly focused on A. thaliana (Bellafiore et al., 2005; Tikkanen et al., 2006; Chuartzman et al., 2008; Lemeille and Rochaix, 2010) . Under stress, phosphorylated CP29 in monocots moves from the grana margins to the stromal lamellae where it becomes dephosphorylated by constitutively active phosphatases. This lateral mobility in turn results in disassembly of the PSII supercomplex and approximation of free LHCII trimers to PSI (discussed below) . Consequently, the changes in monocots are probably the results of adjusting to short-term acclimation under environmental stresses, and may be regarded as types of state transitions, like the typical state transitions in C. reinhardtii and Arabidopsis.
Photosystem II supercomplexes and CP29 phosphorylation
It is well known that CP29 in the structure of the PSII supercomplex is located between the trimeric LHCII and the PSII core, and is the only Lhc subunit that can occupy the position between CP47 and LHCII-M building blocks. Therefore, CP29 phosphorylation and subsequent lateral migration from grana stacks to stroma lamellae might result in the changes in PSII-LHCII supercomplexes, each composed of a dimeric core complex of PSII (C 2 ), which is associated with two copies of Lhcb4 (CP29) and Lhcb5 (CP26), referred to as C 2 S 2 in plants grown under high light (Dekker and Boekema, 2005) . Under low/moderate light, Lhcb6 (CP24) and two LHCII trimers (LHCII-M and LHCII-L, moderately and loosely bound, respectively) are associated with C 2 S 2 to form C 2 S 2 M 2 supercomplexes (Ballotari et al., 2007) . These supercomplexes are organized in arrays and mainly located in the grana stacks in chloroplasts of higher plants (Dekker and Boekema, 2005; Danielsson et al., 2006) . The early classical theories based on indirect experimental evidences have suggested that the reversible phosphorylation of PSII core proteins is one of the most important requirements for PSII turnover and the repair cycle of plants under high light intensities (Koivuniemi et al., 1995; Gonzalez et al., 1999) . Recently, more direct evidence based on stn8 and stn7 stn8 mutants also demonstrated that PSII protein phosphorylation is critical for the PSII repair cycle or D1 protein turnover under high light stress (Bonardi et al., 2005; Tikkanen et al., 2008 Tikkanen et al., , 2010 . Indeed, their phosphorylation increases the thylakoid membrane fluidity, in turn making damaged PSII cores able to move easily from granum membranes to stroma regions for repair and subsequent detachment of the damaged D1 from the core complex (Tikkanen et al., 2008; Goral et al., 2010) . Recent research has suggested that in the absence of CP29 in Arabidopsis, PSII assembles in granna membranes, and the C 2 S 2 supercomplex is less stable and assumes a different overall structure due to a different binding mode of the S-trimer to the PSII core complex .
In our previous studies, we have also observed dramatic changes in the organization and stability of PSII complexes in barley exposed to different environmental cues. Under severe stresses, the amount of monomeric PSII and monomeric LHCII is significantly increased. Correspondingly, the level of LHCII trimers is greatly decreased Liu et al., 2009) . We postulate that this phenomenon is probably involved in the interplay between LHCII protein phosphorylation and PSII structure changes. CP29 is rapidly phosphorylated upon mild environmental stresses and moves into the stroma domains of the thylakoid membrane, in which phosphorylated CP29 is probably close to PSI (but not binding to it), and subsequently some free LHCII trimers are also moving towards PSI accompanied by CP29 (Vener, 2007; Tokutsu et al., 2009) . However, LHCII proteins bound to the PSII core are still retained in the granum membranes and do not migrate into stroma-exposed lamellae (Fig. 3B) . Therefore, the subfractionation of thylakoid membranes did not show any change in LHCII contents in each thylakoid region Liu et al., 2009) . The low temperature fluorescence emission of PSI increased a little after the mild water stress, indicating the putative approach of free LHCII trimers towards PSI under this condition (Lu et al., 1995; Liu et al., 2009) .
Phosphorylation of CP29 might play an important role in the disassembly of PSII complexes and LHCII trimers, and take part in the subsequent degradation and repair cycle of PSII proteins under the stress conditions. These results are further confirmed by recent studies, which showed that CP29 redistributes from PSII supercomplexes to PSII dimers and monomers in plants exposed to high light treatment (Fristedt and Vener, 2011; Galetskiy et al., 2011; Nero et al., 2012) . When transferred to normal light, CP29 returns back to PSII supercomplexes. The high light-induced disassembly of PSII supercomplexes has also been found in stn8, but not in stn7 and stn7stn8 mutants (Fristedt and Vener, 2011) . Moreover, it has been shown that two minor antenna LHCB4 isoforms are alternately phosphorylated under growth light and high light conditions in PSII monomers, dimers, and supercomplexes (Galetskiy et al., 2011) . Therefore, it is clear that STN7 kinase-dependent multiple phosphorylation of CP29 is involved in the regulation of the disassembly of PSII supercomplexes in plants exposed to environmental stresses, especially under high light conditions. In addition, recent studies indicated that strongly fluctuating light caused the severely stunted growth of the stn7 and stn7 stn8 mutants, suggesting that CP29 phosphorylation is also very important for disassembly of the PSII supercomplexes in plants under fluctuating light conditions (Tikkanen et al., 2010; Firstedt and Vener, 2011) .
The relationship among CP29 phosphorylation, nonphotochemical quenching (NPQ), and photoprotection
Apart for the above-mentioned roles in the state transition process and regulation of the disassembly of PSII-LHCII supercomplexes under high light intensity, CP29 phosphorylation has also been proposed to be involved in the thermal dissipation of most of the excitation energy and to provide protection against photodamage to PSII in higher plants (Bergantino et al., 1995 (Bergantino et al., , 1998 Croce et al., 1996; Horton et al., 2008; Liu et al., 2009) . Phosphorylation of CP29 may lead to non-radiative energy dissipation and conformational change that modifies chlorophyll organization . However, CP29 phosphorylation is probably irrelevant to NPQ, but only involved in the regulation of LHCII-PSII supercomplex assembly because a significant enhancement of NPQ was observed in barley exposed to salicylic acid (SA) treatment, where the phosphorylation of CP29 was not induced Luo et al., 2009) .
Therefore, we present a schematic and still hypothetical model based on recent reports from other laboratories (Horton et al., 2008; Tikkanen and Aro, 2012) to explain the interplay between the phosphorylation of LHCII protein, NPQ, and the organization of the chlorophyll protein complexes in the thylakoid membrane, upon environmental stresses, specifically in monocotyledonous plants (Fig. 3) . Likewise, the role of the PsbS protein in controlling the conformational change of the PSII-LHCII protein complexes upon induction of thermal dissipation of excess energy is taken into consideration in the model (for details, see the model in Fig. 3 and details in the figure legend) . More recent studies have found that CP29 plays an important role in the kinetics of PsbS-dependent NPQ formation under fluctuating light conditions (Andersson et al., 2001; De Bianchi et al., 2011; Miloslavina et al., 2011; Belgio et al., 2012; Zienkiewicz et al., 2012) . Although CP29 and CP26 are unlikely to be sites for NPQ, the amplitude of NPQ is greatly reduced in the mutants of CP29 and CP26, especially at low light intensity in koLhcb4 mutant plants (Andersson et al., 2001) . Similarly, Fig. 3 . Environmental stresses induce interaction between the phosphorylation of LHCII protein, NPQ, and the conformational change of the chlorophyll protein complexes in the thylakoid membrane in monocotyledonous plants. (A) LHCII trimers are strongly phosphorylated under unstressed conditions and there are a few free LHCII trimers between PSI and PSII. (B) Under mild environmental stresses, rapid phosphorylation of CP29 is induced. Then phosphorylated CP29 migrates in the stroma domains. At the same time, environmental stresses result in the dephosphorylation of all types of phosporylated LHCII and the change of ΔpH. Consequently, the PsbS protein becomes protonated and binds to LHCII trimers with concomitant rearrangements in the antenna system, which induces the formation of NPQ. (C) Under severe stress conditions, PSII dimers and LHCII trimers may be disassembled, and LHCII proteins (including rapidly phosphorylated CP29 under mild environmental conditions) are strongly dephosphorylated. The disassembled PSII dimers may still make partial LHCII trimers to maintain the protonated conformation (purple sphere). [The model is based on the models presented in Tikkanen and Aro (2012) and Horton et al. (2008) ].
the NPQ activity was lower in completely deficient koLhcb4 mutants than in the wild type or mutants retaining a single Lhcb4 isoform . Therefore, as discussed above, NPQ is correlated with CP29 protein content, but not its phosphorylation status.
A new model species for investigating reversible CP29 phosphorylation and its role in monocotyledonous plants Currently, studies on the functions and physiological roles of reversible CP29 phosphorylation and the STN7/STN8 kinase are mainly focused on A. thaliana (Vener et al., 2001; Vainonen et al., 2005; Tikkanen et al., 2006 Tikkanen et al., , 2010 Fristedt and Vener, 2011) . However, some researches have found that phosphorylation of CP29, lateral movements of PSII proteins, and the role of STN8 are different between monocots and dicots (Bergantino et al., 1995; Chen et al., 2009; Liu et al., 2009; Nath et al., 2008) . Thus, a better model organism is needed to investigate the functions of CP29 phosphorylation and STN7/STN8 or thylakoid protein phosphatases in monocotyledons. Brachypodium distachyon, a monocot grass plant widely distributed in temperate areas, has been regarded as an new ideal model system for research on the economically important crops, such as wheat, barley, and several potential biofuel grasses (Draper et al., 2001) . Brachypodium distachyon has been studied extensively in recent years, because of its smaller genome, fewer chromosomes, shorter plant height, more rapid life cycle, higher seed yield, and undemanding growth requirements compared with rice (Catalan and Olmstead, 2000; Caetano-Anolles, 2005) . The completion of the sequencing of the Brachypodium genome has important significance for studies of reversible CP29 phosphorylation and the corresponding protein kinases or phosphatases in monocots, particularly in crops (Vogel et al., 2010) .
In this review, we compare LHCB4 in B. distachyon with protein sequences from four other species (barley, Z. mays, Arabidopsis, and rice) and the green alga C. reinhardtii. As shown in Fig. 1 , there is 88% identity between Brachypodium and maize at the protein level, and Arabidopsis is more divergent (79% identity with CP29.2 of Brachypodium). Significant homology (88% similarity at the protein level) is also detected between Brachypodium and rice. In fact, the protein sequence of Brachypodium is 93% identical to the corresponding regions of barley. However, the similarity at the protein level between the five higher plants and Chlamydomonas is ~45%. Thus, it is conceivable that the sequence and the phosphorylation pattern of CP29 protein could be highly conserved among Brachypodium, barley, maize, and rice.
Conclusions and future perspectives
CP29 protein phosphorylation is involved in many aspects in the course of photosynthesis and has obvious effect during adaptive adjustments of the photosynthetic machinery under environmental stresses, which might subsequently change the resistance to such stresses. However, these arguments are not currently clear because of the lack of direct evidence between CP29 phosphorylation and plant resistance, which can be achieved by studying stress tolerance using CP29 mutants and CP29 phosphorylation mutants in different plants (especially in monocots) exposed to variable environmental conditions. Recent developments in CP29 protein phosphorylation have revealed the importance of CP29 and its reversible phosphorylation in the dynamic function of plant thylakoid membranes upon environmental stresses, which prompted the possibility of their involvement in the processes of adaptation and acclimation of the photosynthetic machinery. Although environmentally modulated phosphorylation of CP29 has been well studied, its role seems to be different between the monocots and dicots. In higher plants, CP29 phosphorylation and dephosphorylation may be closely related to many processes of response to changing environmental conditions. Further comprehensive characterization of CP29 phosphorylation is required in order to elucidate these mechanisms further. Brachypodium distachyon will be a good model plant for investigating reversible CP29 phosphorylation and its physiological significance. Therefore, the establishment of mutant lines in Brachypodium, such as PSII protein mutants, reverse mutants with knocked-out phosphorylation sites, and knockout mutants of thylakoid-associated protein kinases and phosphatases, would be extremely valuable for understanding these processes. Together with the detailed biochemical and physiological analyses, we could expect a comprehensive explanation of CP29 reversible phosphorylation functions in the near future. This will open up new possibilities for future discoveries and broaden the potential impact of chloroplast phosphorylation on plant physiology, particularly in response to environmental stress conditions.
